New Precision Limit on the Strange Vector Form Factors of the Proton by HAPPEX collaboration et al.
New Precision Limit on the Strange Vector Form Factors of the Proton
(The HAPPEX Collaboration)
Z. Ahmed,1 K. Allada,2 K. A. Aniol,3 D. S. Armstrong,4 J. Arrington,5 P. Baturin,6 V. Bellini,7 J. Benesch,8
R. Beminiwattha,9 F. Benmokhtar,10 M. Canan,11 A. Camsonne,8 G. D. Cates,12 J.-P. Chen,8 E. Chudakov,8
E. Cisbani,13 M. M. Dalton,12 C. W. de Jager,8, 12 R. De Leo,14 W. Deconinck,4 P. Decowski,15
X. Deng,12 A. Deur,8 C. Dutta,2 G. B. Franklin,10 M. Friend,10 S. Frullani,13 F. Garibaldi,13 A. Giusa,7
A. Glamazdin,16 S. Golge,11 K. Grimm,17 O. Hansen,8 D. W. Higinbotham,8 R. Holmes,1 T. Holmstrom,18
J. Huang,19 M. Huang,20 C. E. Hyde,11, 21 C. M. Jen,1 G. Jin,12 D. Jones,12 H. Kang,22 P. King,9
S. Kowalski,19 K. S. Kumar,23 J. H. Lee,4, 9 J. J. LeRose,8 N. Liyanage,12 E. Long,24 D. McNulty,23
D. Margaziotis,3 F. Meddi,25 D. G. Meekins,8 L. Mercado,23 Z.-E. Meziani,26 R. Michaels,8 C. Mun˜oz-Camacho,21
M. Mihovilovic,27 N. Muangma,19 K. E. Myers,28 S. Nanda,8 A. Narayan,29 V. Nelyubin,12 Nuruzzaman,29
Y. Oh,22 K. Pan,19 D. Parno,10 K. D. Paschke,12, ∗ S. K. Phillips,30 X. Qian,20 Y. Qiang,20 B. Quinn,10
A. Rakhman,1 P. E. Reimer,5 K. Rider,18 S. Riordan,12 J. Roche,9 J. Rubin,5 G. Russo,7 K. Saenboonruang,12
A. Saha,8, † B. Sawatzky,8 R. Silwal,12 S. Sirca,27 P. A. Souder,1 M. Sperduto,7 R. Subedi,12 R. Suleiman,8
V. Sulkosky,19 C. M. Sutera,7 W. A. Tobias,12 G. M. Urciuoli,25 B. Waidyawansa,9 D. Wang,12 J. Wexler,23
R. Wilson,31 B. Wojtsekhowski,8 X. Zhan,19 X. Yan,32 H. Yao,26 L. Ye,33 B. Zhao,4 and X. Zheng12
1Syracuse University, Syracuse, New York 13244, USA
2University of Kentucky, Lexington, Kentucky 40506, USA
3 California State University, Los Angeles, Los Angeles, California 90032, USA
4College of William and Mary, Williamsburg, Virginia 23187, USA
5Argonne National Laboratory, Argonne, Illinois, 60439, USA
6Florida International University, Miami, Florida 33199, USA
7Istituto Nazionale di Fisica Nucleare, Dipt. di Fisica dell’Univ. di Catania, I-95123 Catania, Italy
8Thomas Jefferson National Accelerator Facility, Newport News, Virginia 23606, USA
9Ohio University, Athens, Ohio 45701, USA
10Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA
11Old Dominion University, Norfolk, Virginia 23529, USA
12University of Virginia, Charlottesville, Virginia 22904, USA
13INFN, Sezione di Roma, gruppo Sanita` and Istituto Superiore di Sanita`, I-00161 Rome, Italy
14Universita` di Bari, I-70126 Bari, Italy
15Smith College, Northampton, Massachusetts 01063, USA
16Kharkov Institute of Physics and Technology, Kharkov 61108, Ukraine
17Louisiana Technical University, Ruston, Louisiana 71272, USA
18Longwood University, Farmville, Virginia 23909, USA
19Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
20Duke University, Durham, North Carolina 27708, USA
21Clermont Universite´, Universite´ Blaise Pascal, CNRS/IN2P3,
Laboratoire de Physique Corpusculaire, FR-63000 Clermont-Ferrand, France
22Seoul National University, Seoul 151-742, South Korea
23University of Massachusetts Amherst, Amherst, Massachusetts 01003, USA
24Kent State University, Kent, Ohio 44242, USA
25INFN, Sezione di Roma and Sapienza - Universita` di Roma, I-00161 Rome, Italy
26Temple University, Philadelphia, Pennsylvania 19122, USA
27Institut Jozˇef Stefan, 3000 SI-1001 Ljubljana, Slovenia
28George Washington University, Washington, District of Columbia 20052, USA
29Mississippi State University, Starkeville, Mississippi 39762, USA
30University of New Hampshire, Durham, New Hampshire 03824, USA
31Harvard University, Cambridge, Massachusetts 02138, USA
32University of Science and Technology of China, Hefei, Anhui 230026, P.R. China
33China Institute of Atomic Energy, Beijing, 102413, P. R. China
(Dated: November 1, 2018)
The parity-violating cross-section asymmetry in the elastic scattering of polarized electrons from
unpolarized protons has been measured at a four-momentum transfer squared Q2 = 0.624 GeV2
and beam energy Eb = 3.48 GeV to be APV = −23.80 ± 0.78(stat) ± 0.36(syst) parts per million.
This result is consistent with zero contribution of strange quarks to the combination of electric and
magnetic form factors GsE+0.517 G
s
M = 0.003±0.010(stat)±0.004(syst)±0.009(f f), where the third
error is due to the limits of precision on the electromagnetic form factors and radiative corrections.
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2With this measurement, the world data on strange contributions to nucleon form factors are seen
to be consistent with zero and not more than a few percent of the proton form factors.
PACS numbers: 13.60.Fz, 11.30.Er, 13.40.Gp, 14.20.Dh
It has long been established that a complete character-
ization of nucleon substructure must go beyond three va-
lence quarks and include the qq¯ sea and gluons. In deep
inelastic scattering, for example, sea quarks are known
to dominate interactions in certain kinematic regimes.
With the discovery by the EMC collaboration [1] that
quark spins are not the dominant contribution to nucleon
spin, the role of sea quarks, and especially strange quarks,
has been scrutinized. More generally, since valence-quark
masses account for only about 1% of the nucleon mass, a
better understanding of the role of gluons and sea quarks
in nucleon substructure is imperative. Cleanly isolating
the effects of the quark sea is typically difficult; one no-
table exception is the extraction of the vector strange ma-
trix elements 〈sγµs〉 in semi-leptonic neutral weak scat-
tering [2].
A quantitative understanding of the role of strange
quarks in the nucleon would have broad implications.
The range of uncertainty in the strange-quark condensate
〈ss〉 leads to an order of magnitude uncertainty in spin-
independent scattering rates of dark matter candidates,
while spin-dependent rates are uncertain to a factor of
two given the range of uncertainty in the strange-quark
contribution to nucleon spin, ∆s [3]. The strange-sea
asymmetry s − s is important for the interpretation of
the NuTeV experiment [4, 5]. A better understanding
of strangeness in the nucleon will clarify issues for many
specific experiments as well as improve our understand-
ing of the role of sea quarks in general.
Following the recognition that parity-violating electron
scattering can measure the neutral weak form factors
and hence the vector strange-quark matrix elements [6],
numerous experiments have been performed. Several
such experiments presented evidence supporting non-zero
strange form factors, although the significance of the ef-
fect was limited [7–9]. In contrast, the HAPPEX collabo-
ration has found results consistent with zero strangeness
in each of several measurements at various values of
the four-momentum transfer squared Q2 [10, 11]. The
HAPPEX measurements, while only capable of measur-
ing a single value of Q2 at a time, have put particular
emphasis on high statistical accuracy and small system-
atic uncertainties.
In this paper, we report a new measurement performed
in Hall A at Jefferson Laboratory. The kinematics of
the measurement were chosen to be particularly sensitive
to the apparent effects reported in [7]. The experimen-
tal technique was similar to previous HAPPEX measure-
ments [10]. A 100 µA continuous electron beam of longi-
tudinally polarized electrons at 3.481 GeV was incident
on a 25 cm long liquid hydrogen target. The twin Hall A
High Resolution Spectrometers (HRS) [12] each accepted
scattered electrons over a solid angle of 5 msr with an
averaged polar angle of 〈θ〉 ∼ 13.7◦. Electrons which
scattered elastically from protons were focused onto a
calorimeter in each spectrometer; electrons from inelas-
tic processes on free protons were not transported to the
focal plane. Each calorimeter was composed of alternat-
ing layers of lead and lucite, with Cˇerenkov light from
the electromagnetic shower collected by a single photo-
multiplier tube.
The polarized beam is generated through photoemis-
sion from a doped GaAs superlattice crystal. The polar-
ization state of the electron beam was held constant for a
time window of about 33 ms, then flipped to the comple-
mentary state. The polarities of these pairs of time win-
dows were selected from a pseudorandom sequence. The
responses of beam monitors and the electron calorime-
ters were integrated over each period of stable helicity.
Periods of instability in the beam, spectrometer, or data
acquisition electronics were cut from the accepted data.
A total of 29.9×106 pairs passed all cuts and formed the
final data sample, including 1.0×106 pairs in which only
one of the two spectrometers was functional.
The helicity-dependent asymmetry in the integrated
calorimeter response Araw was computed for each pair of
helicity windows. The physics asymmetry APV is derived
after normalization for beam intensity fluctuations, with
corrections for background contributions, kinematics nor-
malization, beam polarization, and changes in beam en-
ergy and trajectory. The magnitude and estimated un-
certainty due to each of these corrections is described
below and summarized in Table I.
The laser optics of the polarized source were carefully
configured to minimize changes to the electron beam pa-
rameters under polarization reversal [13]. A feedback sys-
tem was used to minimize the helicity-correlated intensity
asymmetry of the beam. Averaged over the course of the
experimental run, the helicity-correlated asymmetries in
the electron beam were 0.20 parts per million (ppm) in
intensity, 0.003 ppm in energy, and 3 nm in position.
Due to the symmetric acceptance of the two spec-
trometers and the small run-averaged values of helicity-
correlated beam asymmetries, the cumulative correction
due to beam trajectory and energy asymmetry was only
0.016±0.034 ppm. The calorimeter system response was
measured to be linear, with an uncertainty of less than
0.5%, through dedicated tests using pulsed LEDs.
Electrons scattered from the aluminum windows of the
cryogenic hydrogen vessel were the largest background.
Due to the high Q2, aluminum elastic scattering did not
contribute significantly, leaving quasielastic scattering as
3the dominant background source. The contributed sig-
nal fraction was determined to be (1.15 ± 0.35)% us-
ing the evacuated target cell to directly measure the
aluminum-scattered rate; these rates were checked using
aluminum targets matched to the full target radiation
length. The asymmetry of this background was calcu-
lated to be −34.5 ppm, with an uncertainty of 30% to
account for potential contributions from inelastic states.
Inelastically scattered electrons can also rescatter in
the spectrometer and produce a signal in the calorimeter.
Dedicated studies of electron rescattering in the spec-
trometer were combined with parameterizations of the
electron-proton inelastic spectra to estimate a fractional
contribution of (0.29 ± 0.08)% to the total rate. The
dominant mechanism was ∆ production, for which the
theoretical calculated asymmetry of −63 ppm was used
with an uncertainty of 20%. An additional systematic
uncertainty contribution of 0.14 ppm accounted for the
possibility that a small fraction of the signal (< 10−4)
could have originated from rescattering with ferromag-
netic material [10]. The total correction from all sources
of background amounted to (1.0± 0.8)% of APV .
Both Compton and Møller scattering processes were
used to precisely determine the electron beam polar-
ization. The accuracy of the Hall A Møller polarime-
ter was improved through a careful study of the unifor-
mity of the ferromagnetic foil target, leading to a re-
sult of (89.2 ± 1.5)%. The dominant source of uncer-
tainty in previous analyses of backscattered photons in
the Hall A Compton polarimeter [12] lay in the effect
of the trigger threshold on the normalization of the an-
alyzing power. This was improved through threshold-
less integration of the photon signal, with a result of
(89.41 ± 0.86)%. Averaged, the beam polarization was
determined to be (89.36± 0.75)%.
Dedicated low-current data were periodically taken
to measure Q2 using the standard tracking package
of the HRS [12]. A water target was used to cali-
brate the spectrometer angle, with momentum differ-
ences from the elastic hydrogen and elastic and inelas-
tic oxygen peaks determining the scattering angle to a
precision of 0.4 mrad. Including the spectrometer cal-
ibration resolution, the average Q2 was determined to
be 0.624± 0.003 GeV2, which implies a 0.8% uncertainty
on the quoted APV . An additional correction factor
κ, which relates the asymmetry measurement over a fi-
nite range of initial-state energy and solid angle to the
quoted Q2, was determined through simulation to be
κ = 0.995± 0.002.
After all corrections to Araw , as summarized in Ta-
ble I, the parity-violating asymmetry APV = −23.80 ±
0.78 (stat)± 0.36 (syst) ppm at Q2 = 0.624 GeV2.
Following notation from [9], the theoretical expecta-
tion for APV can be expressed in three terms: APV =
AV +AA +AS . AV and AA depend on the proton weak
charge (1− 4 sin2 θW ) and the nucleon vector and axial-
Araw = −21.78± 0.69 ppm
Detector Linearity 0.0%± 0.5%
Beam Asymmetries −0.9%± 0.2%
Backgrounds −1.0%± 0.8%
Acceptance Factor κ −0.5%± 0.2%
Beam Polarization 10.9%± 0.8%
Q2 – ± 0.8%
Total 8.5%± 1.5%
APV = −23.80± 0.78± 0.36 ppm
TABLE I: Summary of corrections to the raw asymmetry and
the associated systematic uncertainty estimates as a fraction
of APV . The uncertainty on Araw is statistical only, while APV
is listed with statistical and experimental systematic errors.
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FIG. 1: (APV − ANS )/ANS for the four HAPPEX measure-
ments (this result and [10, 11]). The linear combination
of form factors to which each measurement is sensitive is
listed. For each measurement, results are consistent with zero
strangeness contribution.
vector electromagnetic form factors, respectively, while
strange-quark contributions to the vector form factors
are isolated in AS . At tree level,
AS = A0
[
GpEG
s
E + τG
p
MG
s
M
(GpE)
2 + τ(GpM )
2
]
. (1)
Here A0 = GFQ
2/(2pi
√
2α), τ = Q2/(4Mp),  =[
1 + 2(1 + τ) tan2(θ/2)
]−1
, andGpE(M) is the proton elec-
tric (magnetic) form factor.
If strange quarks did not contribute to the vector form
factors, the asymmetry at 〈Q2〉 = 0.624 GeV2 would be
expected to be ANS = AV +AA = −24.062±0.734 ppm.
This calculation utilizes parameterizations of the elec-
tromagnetic form factors which incorporate two-photon-
exchange corrections to published form-factor data [14].
The uncertainty in ANS primarily results from uncertain-
ties in these form factors and in radiative corrections in
the axial term AA involving parity-violating multi-quark
interactions. While theoretical investigation [15] has sug-
gested that the latter corrections could be as large as
30% of the axial form factor, the net uncertainty in ANS
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FIG. 2: Constraints on GsE and G
s
M at Q
2 ∼ 0.62 GeV2.
The experimental bands are from the results presented in this
letter (HAPPEX-III) and the G0 measurements [7, 17].
is small for forward-angle studies where the small coef-
ficient
√
1− 2(1 − 4 sin2 θW ) suppresses the axial term.
The uncertainty in these corrections, as a fraction of the
axial form factor, is assumed to be constant with Q2.
Standard electroweak corrections [16] are also included
in ANS and contribute negligible uncertainty. Additional
radiative corrections involving two-photon exchange, ex-
pected to be at the level of 0.03% [14], are neglected.
Comparing ANS to the measured APV , the strange-quark
contributions are determined to be GsE + 0.517 G
s
M =
0.003± 0.010± 0.004± 0.009, where the error bars corre-
spond to statistical, systematic, and the ANS uncertain-
ties, respectively.
Our result is compared to previous measurements from
the HAPPEX collaboration in Fig. 1, which displays
(APV − ANS )/ANS , the fractional deviation from the-
oretical expectation in the absence of strange-quark con-
tributions. TheQ2 and specific form-factor sensitivity for
each measurement are noted on the figure. The error bars
include experimental uncertainties, while the uncertainty
in ANS is taken to be zero for this plot. For forward angle
scattering at each indicated Q2, the HAPPEX measure-
ments represent the most accurate determinations of the
strange vector matrix elements; they show no indication
of a signal for strange-quark contributions to the form
factors.
The constraints on the 2-D space spanned by GsE and
GsM from all measurements near Q
2 ∼ 0.62 GeV2 are
shown in Fig. 2. The experimental constraints at 1σ
are represented by the shaded bands indicating the com-
bined statistical and experimental systematic error bars.
The contours, representing the 68% and 95% uncertainty
boundaries as indicated, combine all three measurements
and also account for the uncertainties in ANS . The in-
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FIG. 3: Results of strange-quark vector form factors for all
measurements of forward-angle scattering from the proton.
The global fit is described in the text. The solid curve repre-
sents a 3% contribution to the comparable linear combination
of proton form factors.
dependently separated values resulting from this fit are
GsE = 0.047 ± 0.034 and GsM = −0.070 ± 0.067, with a
correlation coefficient of −0.93. The combined constraint
is consistent with GsE = G
s
M = 0.
Figure 3 shows all published data on the net
strangeness contribution GsE + ηG
s
M in forward-angle
scattering measurements from the proton versus Q2.
Here, η = τGpM/(G
p
E), and is approximately numeri-
cally equal to Q2/( GeV2) over the range of the plot.
Data from the HAPPEX [10, 11], G0 [7], and A4 [8, 9]
collaborations are shown. On each data point, the error
bars indicate both the statistical error and the quadra-
ture sum of statistical and uncorrelated systematic error.
For the G0 data, some systematic uncertainties are corre-
lated between points with a magnitude indicated by the
shaded region at the bottom of the plot. A shaded re-
gion around the zero-net-strangeness line represents the
uncertainties in ANS at 1σ; this uncertainty is not also
included in the individual data points.
While there is no reliable theoretical guidance on the
possible Q2-dependence of the strange form factors, it is
reasonable to expect that they would not change rapidly
with Q2, consistent with nucleon form factors in this
range which are described to a reasonable precision by
smooth dipole or Galster parameterizations [14]. The
cross-hatched region displays the 1σ region allowed by
a leading-order fit in which GsM is taken to be constant
and GsE is proportional to Q
2. This parameterization fol-
lows that of [18, 19]. The fit includes all published data,
including HAPPEX-II 4He [11] and backward-angle pro-
ton measurements [17, 20, 21], and takes the correlated
uncertainties in the G0 forward-angle data into account
but neglects the uncertainty in ANS . The confidence
5level of the fit is 33%, demonstrating the reasonable self-
consistency of the data. In contrast to the situation prior
to this work, the HAPPEX-III point constrains the cross-
hatched fit into significant overlap with the band corre-
sponding to the uncertainty in ANS , and just over 1σ
from zero. Fits using alternative parameterizations (e.g.
next higher power inQ2, dipole and Galster forms forGsM
and GsE) similarly remain consistent with zero. Thus,
the results of this letter rule out large contributions from
strange vector form factors with Q2 behavior similar to
that of the nucleon electromagnetic form factors.
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